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Abstract. The effects of an invasive species on the environment can be altered by anthropogenic activities
such as nutrient pollution or the presence of additional invasive species with similar or unique traits. Using
experimental mesocosms, we tested the separate and combined effects of three invasive mollusks (zebra mus-
sels, Asian clams, and banded mystery snails) on freshwater environments in nutrient-poor and nutrient-en-
riched conditions. We predicted that in nutrient-poor conditions, single mollusk species would reduce the
abundance of algae and zooplankton, but nutrient enrichment would mitigate these effects. Regardless of
nutrient additions, paired bivalve species would reduce phytoplankton and zooplankton abundance, increas-
ing periphyton biomass. Bivalves and snails paired together would reduce periphyton, phytoplankton, and
zooplankton compared to communities with paired bivalve species. Finally, nutrient enrichment would
increase the survival or biomass of paired bivalves and snails. Single, paired, and three co-occurring invasive
mollusks did not affect algae or zooplankton abundance. Banded mystery snails reduced nutrient concentra-
tions in high-nutrient conditions more than other invasive species, but the reduced nutrients did not affect
algal abundance. Paired invasive species did not affect the survival or biomass of other invasive species.
Nutrient enrichment increased the biomass of zebra mussels and mystery snails, but not Asian clams. Addi-
tionally, zebra mussel reproduction increased in the high-nutrient treatment when banded mystery snails
were present, but not when all three species were together. We conclude that human-induced trophic states
might determine the effects that single and multiple invasive species have in freshwater environments.
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ECOSPHERE

INTRODUCTION

Humans have intentionally or unintentionally
influenced the movement and distribution of
species across the world, leading to biological
invasions, environmental change, and economic
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loss (Ricciardi 2007, Ricciardi et al. 2013). Mixed
results regarding the ecological and evolutionary
impacts of invasive species have delayed the
development of a mechanistic understanding of
how and when invasive species affect freshwater
systems (Ricciardi 2005, Armitage et al. 2009,
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FRESHWATER ECOLOGY

DeVanna et al. 2011, Jeschke et al. 2012, Jeschke
2014, Jackson 2015, Henriksson et al. 2016).
Anthropogenic activities such as nutrient pollu-
tion might determine the magnitude and impacts
of single and multiple invasive species on fresh-
water environments, explaining the mixed effects
observed in ecological and evolutionary studies
(Gurevitch and Padilla 2004, Didham et al. 2005,
Jeschke et al. 2012, Jeschke 2014, Jackson 2015).

Many freshwater systems contain more than
one invasive species, leading to complex interac-
tions that alter environmental conditions (Pre-
ston et al. 2012). A lack of understanding of these
complex interactions could lead to difficulty in
developing predictive models of invasive-species
impacts (Jackson 2015). A single invasive species
can have negative, neutral, and positive ecologi-
cal effects across habitats or ecosystems (e.g., the
snail Potamopyrgus antipodarum; Schreiber et al.
2002, Kerans et al. 2005, Riley et al. 2008). Multi-
ple invasive species might have weak effects on
their environment due to competition for limited
resources, or strong effects due to facilitative
interactions or an increased density of consumers
(Gallardo and Aldridge 2015, Jackson 2015).

The effects of single or multiple invasive spe-
cies might depend on anthropogenic effects
(Rahel and Olden 2008), such as nutrient pollu-
tion in freshwater ecosystems (Camargo and
Alonso 2006). Increased productivity due to
nutrient pollution (Smith 2006) can also alter the
individual and combined effects of invasive spe-
cies. For example, invasive carp (Cyprinus carpio)
have stronger negative ecosystem effects in shal-
low, high-nutrient lakes compared to low-nutri-
ent lakes (Weber and Brown 2011). Nutrient
pollution should also increase the success of fil-
ter-feeding invasive species due to an increased
density of food resources (e.g., phytoplankton).
Nutrient additions could allow for sustained
high-density populations of invasive filter feed-
ers, despite the typical shift in the energy path-
way from pelagic to benthic, that might limit the
population size of invasive bivalves (Higgins and
Zanden 2010, Gallardo et al. 2016, Kovalenko
et al. 2017). Additionally, invasive filter feeders
have very high filtration rates (Fanslow et al.
1995), allowing for the exploitation of phyto-
plankton resources, which can have cascading
ecological effects in freshwater environments
(Stewart and Haynes 1994, Strayer et al. 1999).
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Nutrient pollution could allow for continuous
algal blooms, sustaining invasive bivalves that
have high filtration rates. Therefore, the com-
bined effects of nutrient pollution and invasive
mollusks could cause declines in zooplankton
abundance or biomass and potentially reduce
species richness and diversity. Despite field stud-
ies showing declines in zooplankton, results
from experimental studies indicate that the effect
of invasive species is not dependent on nutrient
pollution (Sinclair and Arnott 2015). Given the
mixed results, the potential interactive effects of
multiple invasive mollusks and nutrient pollu-
tion on freshwater environments remain unclear,
highlighting the need for an experimental
approach assessing how invasive mollusks inter-
act, and if those interactions are altered by nutri-
ent pollution.

Three common invasive mollusk species in
freshwater systems in North America are the
zebra mussel (Dreissena polymorpha), Asian clam
(Corbicula fluminea), and the banded mystery
snail (Viviparus georgianus). All three species can
co-occur in freshwater lakes and rivers in Eastern
North America (e.g., the Hudson River, Missis-
sippi River, Lake Erie, and Lake George, New
York, USA). Zebra mussels and Asian clams are
considered two of the most pervasive and dam-
aging invaders of freshwater ecosystems in Eur-
ope and North America (Warwick Fisher et al.
1991, Hornbach 1992, Gurevitch and Padilla
2004, Sousa et al. 2008). Banded mystery snails
are native to southeastern North America but
have spread widely throughout the United States
in the last century (Bury et al. 2007). Despite
being a widespread invasive species, the effects
of this snail on freshwater organisms and ecosys-
tems across its invaded range are largely
unknown (but see Jokinen et al. 1982). Zebra
mussels and Asian clams primarily filter phyto-
plankton from the water column, but Asian
clams can feed on periphyton and soil microbes
through pedal feeding (Hakenkamp et al. 2001,
Pigneur et al. 2014, Vaughn and Hoellein 2018).
Invasive bivalves such as zebra mussels and
Asian clams often have very high filtration rates,
and selective feeding that can alter the nutrient
distribution in the environment, and the abun-
dance and composition of phytoplankton species
(Higgins and Zanden 2010, Vaughn and Hoellein
2018). The reduction in phytoplankton can
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reduce food resources for zooplankton popula-
tions and alter the nutrient pathway from pelagic
to benthic, increasing the opportunity for benthic
plants (Vaughn and Hoellein 2018).

Banded mystery snails often graze periphyton
from the benthos. This consumption could
increase the quantity of recycled nutrients in the
water column (Hansson 1990), which could
increase the quantity of phytoplankton for filter
feeders (e.g., invasive clams and mussels). There-
fore, snails and nutrient pollution might equally
benefit invasive mollusks. Alternatively, large
Viviparidae snails egest 30-50% of their food
intake (Hunter 1975). Egestion of food would
lock nutrients away from zebra mussels, but
could increase food resources for Asian clams,
since they filter feed and pedal feed. Understand-
ing the individual and combined effects of these
invasive species under varying nutrient condi-
tions can offer insights into how these common
invasive species affect biotic and abiotic aspects
of freshwater environments (Hintz et al. 2019).

To understand the individual and combined
effects of three invasive mollusks, and to test
whether their effects on freshwater environments
are dependent on trophic state, we experimen-
tally manipulated the presence and co-occur-
rence of zebra mussels, Asian clams, and banded
mystery snails under two nutrient levels (olig-
otrophic or eutrophic). We assessed the effects
invasive mollusks have on abiotic conditions
(e.g., dissolved oxygen [DO] and nutrient con-
centrations) and on biotic responses (e.g., algal
abundance, zooplankton richness, and zooplank-
ton density. We predicted that (1) invasive filter
feeders (i.e.,, Asian clams and zebra mussels)
would reduce phytoplankton abundance, zoo-
plankton density, and zooplankton richness
under oligotrophic conditions; (2) eutrophic con-
ditions would ameliorate negative effects that
the individual invasive bivalves had on the
planktonic community; (3) regardless of trophic
state, co-occurring Asian clams and zebra mus-
sels would reduce phytoplankton and zooplank-
ton, and increase periphyton biomass that would
be available for grazing species; (4) co-occurring
bivalves and snails would reduce periphyton,
phytoplankton, and zooplankton compared to
communities with paired bivalve species (i.e., an
invasional meltdown; Simberloff and Von Holle
1999); and (5) co-occurring bivalves and snails in
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nutrient-enriched treatments would have high
individual biomass and survival due to positive
nutrient feedback loops.

MATERIALS AND METHODS

We conducted the experiment at the Rensse-
laer Aquatic Lab (Troy, New York, USA). We
tested invasive species alone, paired, and all
three together, in either low or high nutrients
(i.e., 16 total treatments). For these experiments,
we used cylindrical 750-L polyethylene cattle
tanks (i.e., mesocosms) covered with 60% shade
cloth to prevent oviposition by terrestrial inverte-
brates and amphibians; each treatment was repli-
cated five times for a total of 80 experimental
units. The mesocosms are exposed to natural
variations in environmental conditions, closely
mimicking the temperature of a nearshore com-
munity in a small lake (approximately 25.0-
28.0°C).

To simulate oligotrophic conditions, we filled
the mesocosms on 15 June 2015 with water col-
lected from Lake George, New York, USA. From
the offshore chemistry survey conducted at Lake
George on 16 June 2015, the total nitrogen (TN)
concentration near the site of water collection
was 0.11 mg/L, and the total phosphorus (TP)
concentration was measured to be 3.7 ug/L
(Hintz et al. 2020). On 17 June, we added 7.5 cm
of bank-run river sand to serve as a substrate
and on 26 June placed three 7.6 x 15.2 cm cera-
mic tiles vertically in the mesocosms as a stan-
dardized surface for measuring periphytic
biomass. On 27 June, we added 300 mL of con-
centrated zooplankton and phytoplankton col-
lected from Lake George, New York. We
obtained a dense zooplankton stock by allowing
an 80-um zooplankton net to drift for 100 m 5-
10 m below the surface of the water. We added a
second 300-mL aliquot of zooplankton and phy-
toplankton on 8 July (collected the same way as
on 27 June), to ensure that each mesocosm
received a sufficient number of each zooplankton
species to establish viable populations. Each zoo-
plankton aliquot was visually inspected, and any
unwanted zooplankton predators were removed
(e.g., insect larvae and fish).

Ten days after the initial addition of zooplank-
ton and phytoplankton, we added the invasive
species to all mesocosms, except for those
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assigned to the control treatments (i.e., zero inva-
sive species), defining this as day 0 of the experi-
ment. We added 25 individuals of each invasive
species to any mesocosm designated to contain
that species. As a result, mesocosms assigned
zero, one, two, and three invasive species
received a total of 0, 25, 50, or 75 individuals.
The mass of the organisms is not indicative of fil-
tering rate, because zebra mussels have a thinner
shell than Asian clams, so we normalized by the
number of individuals. We only used 25 individ-
uals of each invasive species to avoid having too
high of densities of invasive species, which might
have led to unrealistic results that would not be
expected in natural communities. This could
have occurred at high densities because invasive
filter feeders have very high filtration rates (Fan-
slow et al. 1995), which could have allowed for
the exploitation of phytoplankton resources (Ste-
wart and Haynes 1994, Strayer et al. 1999). The
loss of phytoplankton groups from the meso-
cosms would have led to drastic reductions in
zooplankton communities, which would be
unrealistic because most natural systems would
have some sort of dispersal mechanism to replen-
ish phytoplankton and zooplankton species that
are lost locally to invasive mollusks.

The additive design used in this experiment is
appropriate to test how anthropogenic modifica-
tion of the trophic state alters the impacts of indi-
vidual and multiple with similar or different
traits (Johnson et al. 2009); however, this experi-
mental design is not appropriate for testing how
varying densities of invasive species affect fresh-
water ecosystems. The additive experimental
design allowed us to test individual invasive spe-
cies and combined invasive species, but did not
allow us to understand whether more invasive
individuals of the same species would lead to a
similarly observed result as the treatment with
25 individuals of three invasive species (75 total).
Therefore, our interpretation of the data is lim-
ited to the effects of the nutrients on the individ-
ual and combined invasive species.

We allowed the organisms to acclimate in their
assigned mesocosms for 24 h before we applied
the nutrient treatment to half of the mesocosm:s.
After 24 h, we increased the concentration of
total phosphorus (TP) to 100 pg/L, using lab-
grade potassium phosphate (KH,PO4) and the
concentration of total nitrogen to 1600 pg/L,

ECOSPHERE ** www.esajournals.org

SCHULER ET AL.

using lab-grade potassium nitrate (KNOj), to
maintain a molar N:P ratio near 35:1. These
nutrient additions were based on previous exper-
imental nutrient additions (Shurin 2001, Schuler
et al. 2015) and changed the trophic state of the
high-nutrient mesocosms from oligotrophic to
eutrophic. We added nutrients a second time on
24 July. To avoid increasing potassium in the
mesocosms, we used lab-grade sodium phos-
phate (NaPO,) and lab-grade sodium nitrate
(NaNOj3) but added the same amount of phos-
phorus and nitrogen (100 and 1600 pg, respec-
tively) maintaining a N:P ratio of 16:1.

We collected banded mystery snails from Glass
Lake near Troy, New York, and zebra mussels
from a pooled reach of the Mohawk River, near
Troy. We collected Asian clams from Lake
George. Prior to introducing each invasive spe-
cies into mesocosms, we size-sorted and kept
them in wading pools for at least 48 h to avoid
adding any individuals that might have died due
to our collection methods. For the 25 individuals
of each species added to an assigned mesocosm,
we introduced 20 small (10-15 mm) and 5 large
(15-25 mm) banded mystery snails, 20 small (10—
15 mm) and 5 large (15-25 mm) Asian clams,
and 25 large (12-20 mm) zebra mussels. We
added differently sized individuals to observe
changes in biomass, changes in survival, and
changes in reproduction among the treatments.
Adding only small or large individuals might
limit the potential changes that could be
observed during the experiment.

Data collection

Given that changes in abiotic factors can be
indicators of reduced water quality, we measured
pH, temperature, and dissolved oxygen (DO) on
days 9, 13, 20, and 84 (16 July, 20 July, 27 July,
and 29 September). More samples were taken in
the beginning of the experiment to capture
changing water conditions after the introduction
of invasive species and nutrients. On 2 October
(day 87), we assessed the remaining nutrient
levels—total nitrogen (TN) and total phosphorus
(TP)—in each mesocosm to determine how nutri-
ent levels in the water column might be altered
by each invasive-species treatment. We obtained
water from the center of each mesocosm using
two 50-mL centrifuge tubes; one sample was
used for TN analysis and the other was used for
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TP analysis. Samples were flash-frozen in a —80
freezer and transported to the Darrin Fresh
Water Institute (DFWIL Bolton Landing, New
York, USA) for analysis using persulfate diges-
tion (Langner and Hendrix 1982, Hintz et al.
2020).

We also measured biotic factors during the
experiment, including periphyton, phytoplank-
ton, and zooplankton. We measured periphyton
on days 21 and 87 (28 July and 2 October). For
each sample, we brushed all periphyton from a
single ceramic tile from each mesocosm using
distilled water (Rodgers et al. 1996). We filtered
the algae from the water using a pre-dried and
pre-weighed glass fiber filter (GF/C filters; What-
man, Maidstone, UK). We then dried filters for
24 h at 60°C and weighed (to the nearest mg)
them to determine periphyton biomass.

We collected phytoplankton samples on days
10, 21, and 84 (17 July, 27 July, and 29 Septem-
ber). We measured phytoplankton abundance as
the concentration of chlorophyll a (chlA) in the
water column. To estimate chlA, we collected
500 mL of water from the center of each meso-
cosm 15-20 cm below the surface of the water.
We filtered the phytoplankton from the water
using GF/C filters, covered the filters in alu-
minum foil, and frozen them for analysis using
fluorometry after extraction with 90% acetone
(Arar and Collins 1997).

We sampled zooplankton on days 21 and 87
(27 July and 2 October). To sample zooplankton,
we collected 1000 mL of water from five stan-
dardized locations in each mesocosm (5 L total).
After homogenizing the samples from each
mesocosm, we concentrated zooplankton by fil-
tering the samples through an 80-um net. We
preserved zooplankton by adding 5-10 drops of
Lugol’s iodine to each centrifuge tube (Dodson
et al. 2000, Schuler et al. 2017b) and later esti-
mated the abundance of each species, which we
used to calculate the density of individuals, spe-
cies richness, and species diversity.

Fall months produce cold-water conditions
that slow or stop invertebrate growth; therefore,
we terminated the experiment on 2 October,
which was 87 d after adding the invasive species
to the mesocosms. To test whether the invasive
species reproduced, we haphazardly searched
for juvenile clams and snails by running a 0.5-
mm sieve through the center of 10 mesocosms
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containing those invasive species. We then recov-
ered the stocked individuals of the three invasive
species by filtering all of the water and sand from
each mesocosm through a 10-mm sieve. Each
individual was larger than 10 mm at the begin-
ning of the experiment, so all remaining live indi-
viduals were captured. We preserved the
invasive species in 70% ethanol for later enumer-
ation and measurements. We determined sur-
vival by examining the shell and muscle tissue of
each individual. If a shell was void of muscle tis-
sue, we classified the individual as having died
during the experiment and did not include it as a
survivor. We then calculated the percent survival
for each species in each mesocosm by dividing
the total number of surviving individuals by the
total number of individuals that we added to the
mesocosms. We estimated the average individual
mass for each invasive species as the oven-dried
total mass (24 h at 60°C) divided by the number
of surviving individuals captured from each
mesocosm. Due to a sorting error, we could not
estimate the survival and individual biomass of
zebra mussels from one low-nutrient, three-spe-
cies mixture replicate and one high-nutrient,
zebra mussel monoculture replicate.

Although we did not observe reproduction by
banded mystery snails or Asian clams, we did
observe reproduction by zebra mussels. We esti-
mated their reproduction by counting the num-
ber of settled veligers (juveniles) that were
attached to one 7.6 x 15.2 cm ceramic tile in
each mesocosm.

Statistical analyses

We conducted all analyses using R version
3.4.0 (R Core Team 2017). For each zooplankton
sample collected from the mesocosms, we calcu-
lated zooplankton species richness and density.
We used the estimates of density and richness to
calculate species diversity (ENSpg) for each sam-
ple using the diversity function in the vegan pack-
age in R (Oksanen et al. 2016). ENSpp is
calculated from Hurlbert’s probability of inter-
specific encounter (PIE), which is a method of
rarefaction that is largely independent of the
number of individuals sampled (Schuler et al.
2015, 2017a), and is similar to Simpson’s index
(where Simpson’s index is D, and PIE is 1 — D).
To fully represent diversity, PIE must be con-
verted to a true diversity metric (i.e., effective
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number of species or ENSpyg; Jost 2006). ENSpg
allows for the comparison of relative abundance
distributions due to a treatment effect within a
single species pool (Dauby and Hardy 2012,
Chase and Knight 2013, Schuler et al. 2017a).

To test the effects of nutrients and invasive
species on response variables measured more
than once, we used linear mixed-effects models
(LMM; Hickey et al. 2018). We tested the
assumptions of normality and homogeneity of
variance for each response variable using QQ
plots with complimenting Shapiro test and Bar-
tlett tests. Data that did not meet the assump-
tions of normality and homogeneity of variance
were log-transformed and re-tested for normal-
ity. We used the Ime4 package to conduct the
LMDMs, with the treatments and time as fixed fac-
tors, and mesocosm number as a blocking factor.
We used eight LMM models that tested for the
effects of each independent treatment and inter-
actions among treatments (Appendix Sl:
Table S2). We then used the anova function to
obtain AIC scores for each model (Appendix S1:
Table S3). We selected the LMM model with the
lowest AIC score for each response variable and
used the ImerTest package and the car package
to obtain approximate F and P values for that
model.

We used generalized linear models (g/m func-
tion) to analyze factors measured once during
the experiment (TN, TP, mass, survival). We
tested the assumptions of normality and homo-
geneity of variance for the mass and nutrient
response variables using QQ plots with compli-
menting Shapiro test and Bartlett tests. Data
that did not meet the assumptions of normality
and homogeneity of variance were log-trans-
formed and re-tested. Nutrient data were ana-
lyzed using the glm function, with only the
invasive-species treatments as the predictor
variables, to avoid having nutrients as a
response and predictor variable in the same
model. To understand whether the survival of
each species was affected by the presence of
another invasive species or nutrients, we used
the glm function with a quasi-binomial distribu-
tion (i.e., logistic regression). For the TN and
TP analyses, we used Dunnett’s tests to com-
pare each invasive-species treatment back to
the corresponding control treatment (low or
high; Appendix S1: Table S1).
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Abiotic measurements

Temperature, dissolved oxygen (DO), and pH
were not affected by the invasive-species treat-
ments (Table 1). Temperature changed over time,
but did not differ among any other treatments
(Table 1). Dissolved oxygen and pH were
affected by nutrient additions and time, but these
changes were likely due to fluctuations in phyto-
plankton biomass (Table 1). The average DO
among the treatments was higher in high-nutri-
ent mesocosms and was higher in September
than in the three samples taken in July
(Appendix S1: Fig. S1).

The final concentration of TN and TP was
affected by the presence of the invasive species,
but only in the high-nutrient treatments (Table 1,
Fig. 1; Appendix S1: Table S1). Compared to the
high-nutrient control, TN was lower in meso-
cosms containing clams (P =0.037), snails
(P = 0.001), snails and clams (P = 0.012), snails
and mussels (P = 0.001), and all invasive species
combined (P = 0.004; Appendix S1: Table SI;
Fig. 1). Similarly, compared to the high-nutrient
control, TP was lower in mesocosms containing
snails (P = 0.032), snails with clams (P = 0.001),
snails with mussels (P = 0.001), and all invasive
species combined (P = 0.005; Appendix Sl:
Table S1; Fig. 1).

Biotic measurements

Periphyton biomass was affected by time and
nutrients, but there was no effect of invasive spe-
cies or any interactions among treatments
(Table 2; Appendix S1: Fig. 52). Periphyton bio-
mass (averaged across all sample dates, =1 stan-
dard error [SE]) was 0.14 + 0.02 mg per tile in
the high-nutrient treatment vs. 0.09 = 0.01 mg
per tile in the low-nutrient treatment.

Phytoplankton (i.e., chlA concentration) was
affected by nutrients and time, and there was a
nutrient-by-time interaction, but no effect of
invasive species or any other interaction among
treatments (Table 2, Fig. 2). The nutrient-by-time
interaction occurred because there was a large
increase in phytoplankton in the high-nutrient
treatment relative to the low-nutrient treatment
on the first sample date, a modest increase on the
second sample date, and no difference in phyto-
plankton between the high- and low-nutrient
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Table 1. Results from each repeated-measures ANOVA for abiotic response and the results from the ANOVA for
total nitrogen (TN) and total phosphorus (TP), which were only measured once at the end of the experiment.

Temperature pH DO P N

Treatment F P F P F P F P F P
Nutrients (N) - - 16.472, 7,5  0.001 39.432; 75 0.001 - - - -
Species (S) - - - - - - 4327764  0.001  2.785;64  0.014
N xS - - - - - - - - - -
Time (T) 8835.7303;  0.001 225013534  0.001  238.3623,34  0.001 - - - -
NxT - - 1.3893 234 0.247 7.3533 234 0.001 - - - -
SxT - - - - - - - - - -
NxSxT - - - - - - - - - -

Notes: DO, dissolved oxygen. Invasive species did not alter the abiotic conditions of the mesocosms, with the exception of
the ending nutrient (TN and TP) concentrations in the mesocosms. Values in subscript are df values. P values in boldface indi-
cate statistical significance (P < 0.05). Models with corresponding F and P values had the lowest AIC scores, whereas models
with dashes had higher AIC scores and were not included in the analysis.
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Fig. 1. The final concentration of total nitrogen (top) and total phosphorus (bottom), in each invasive-species
treatment, in low-nutrient (left) or high-nutrient (right) conditions. The asterisks indicate significant differences
from the control in each treatment. Error bars indicate £+ 1 standard error around the mean.

treatments between treatments on the third sam- was not affected by invasive species, time, or any
ple date. treatment interactions. Zooplankton richness

Zooplankton density (Appendix S1: Fig. S3) was higher in the nutrient addition treatments
increased in the nutrient addition treatments, but  (Appendix S1: Fig. 54), and species richness was
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Table 2. Results from each repeated-measures ANOVA for biotic response.
Zooplankton Zooplankton Zooplankton
Phytoplankton Periphyton density richness diversity
Treatment F P F P F P F P F P
Nutrients (N) 29.4951 78 0.001 4.3451 75 0.032  19.0104,76  0.001 7.7404,76 0.006 - -
Species (S) - - - - - - - - - -
N x S - - - - - - - - - -
Time (T) 204.7575155 0001  31.4061,5 0.001 7410y,  0.008 45994,  0.001  7.070,,,  0.010
N x T 9~2172,156 0.001 - - - - - - - -
SxT - - - - - - — - — -
NxSxT - - - - - - - - - -

Notes: Nutrients additions altered the biotic aspects of the communities in the mesocosms more than the invasive species.
No significant effects of invasive species on the biotic community were observed in this experiment. Values in subscript are df
values. P values in boldface indicate statistical significance (P < 0.05). Models with corresponding F and P values had the low-
est AIC scores, whereas models with dashes had higher AIC scores and were not included in the analysis.

* B High nutrient
E Low nutrient

Sqrt (chlA concentration)
2

N N
17 July 27 July 29 Sept.
Sampling date

Fig. 2. Changes in the concentration of phytoplank-
ton (measured by chlA) for the duration of our experi-
ment in high- and low-nutrient treatments, averaged
across invasive-species treatments. Sampling dates 17
July, 27 July, and 29 September correspond to days 10,
20, and 84 of the experiment. Asterisks above error
bars indicate significant differences between high- and
low-nutrient treatments within a sampling date. The
asterisks indicate significant differences from the con-
trol in each treatment. Error bars indicate 4+ 1 stan-
dard error around the mean.

higher in the first sample compared to the second
sample. There were no interactive effects of inva-
sive species, nutrients, or time on zooplankton
species richness. Zooplankton diversity increased
over time but was not affected by invasive spe-
cies, nutrients, or any treatment interactions.
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Across all treatments, mean survival (+1 SE)
of the three invasive species was 63% £ 9% for
zebra mussels, 63% + 7% for banded mystery
snails, and 97% =+ 2% for Asian clams (Table 3;
Appendix S1: Fig. S5). None of the treatments
affected zebra mussel or banded mystery snail
survival. There was a significant effect of other
invasive species on Asian clam survival
(Table 3); however, none of the post hoc pairwise
comparisons were different (all P > 0.120).

Zebra mussel and snail mass increased with
added nutrients, but there was no effect of other
invasive species or an interaction. Asian clam
mass was not affected by nutrients, the other
invasive species, or their interaction (Table 3;
Appendix S1: Fig. S5).

Zebra mussel reproduction, which we quanti-
fied at the end of the experiment, was affected by
the presence of the other invasive species
(F332 =323, P =0.035), nutrients additions
(F1,32 = 3.32, P = 0.077), and there was a signifi-
cant species-by-nutrients interaction (F3 3, = 3.26,
P =0.034). Post hoc comparisons showed that
zebra mussels only reproduced more in the high-
nutrient treatment when combined with banded
mystery snails (P = 0.020); all other treatments
had similar amounts of reproduction (P > 0.200).
In the high-nutrient treatment with banded mys-
tery snails, two tiles had a low number of settled
juveniles (zero and one), and three tiles had a
higher number of settled juveniles (10, 54, and
74). Zebra mussels produced a mean (£1 SE) of
28 + 17 settled juveniles (post-veliger stage) in
the high-nutrient treatment in the presence of
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Table 3. Results from each ANOVA on species survival and individual biomass.
Mussel Snail Clam
Treatment F P F P F P
Survival
Nutrients (N) 0.0014 39 0.996 2.2331 3 0.145 1.522; 3 0.226
Species (S) 0.6793 31 0.572 0.6065,52 0.616 3.13453 0.039
N xS 0.6285 31 0.603 0.4905 3, 0.692 0.1033 3, 0.958
Mass
Nutrients (N) 5.529 31 0.023 8.7801,32 0.006 0.4904 3> 0.491
Species (S) 2.489; 3, 0.078 158853, 0.212 2.1415 3 0.114
N xS 1.8605 31 0.157 0.8203 3, 0.493 1.8105 3> 0.165

Notes: The invasive species did not negatively affect one another in this experiment. Nutrient additions had a moderately
positive effect on the growth of zebra mussels and banded mystery snails, indicating that these species might respond more
favorably to nutrient pollution in freshwater systems. Values in subscript are df values. P values in boldface indicate statistical

significance (P < 0.05).

banded mystery snails; all other treatments aver-
aged less than one juvenile per tile.

DiscussioN

We expected that zebra mussels and Asian
clams would have the most significant effects on
nutrient availability in the water column because
of their effects on the distribution of nutrients in
natural systems, transferring nutrients from the
water column to the benthic community, leading
to increased growth of periphyton (Cohen et al.
1984, Heath et al. 1995, Bastviken et al. 1998,
Werner and Rothhaupt 2008, Vaughn and Hoel-
lein 2018). This effect did not occur in our study.
Of the three invasive species, banded mystery
snails had the greatest effect on the abiotic
aspects of the community by reducing TN and
TP in high-nutrient conditions. Banded mystery
snails might have egested a large portion of their
(unprocessed) food intake, which would lock up
nutrient resources until microbial decomposition
occurred, limiting available nutrients for phyto-
plankton and reducing food resources for
bivalves and zooplankton.

Regardless of nutrient inputs, filtering by
Asian clams and zebra mussels should have
reduced phytoplankton (the food resource for
zooplankton), leading to a reduction in the den-
sity and species richness of zooplankton, which
has been found in other mesocosm experiments
(Dzialowski and Jessie 2009, Dzialowski 2013,
Sinclair and Arnott 2015). Field observations
indicate that the effects of invasive mollusks on
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plankton communities can be highly variable,
and not necessarily negative, even across a range
of densities (Strayer et al. 2019). Of course, an
increase or decrease in chlorophyll a does not
necessarily correspond to an increase or decrease
in biomass, count, or stoichiometry of the phyto-
plankton (Kruskopf and Flynn 2006, Huot et al.
2007). Additionally, chlorophyll concentrations
can differ among mesocosms and natural condi-
tions when nutrient concentrations are high
(Dzialowski et al. 2014). Given the observed
response of an increase in chlorophyll a with
nutrients, and no change in chlorophyll 2 among
the invasive-species treatments, we concluded
that the filter feeders did not reduce the biomass
of phytoplankton in our mesocosms. We also
expected that additional nutrient inputs in the
absence of invasive species would increase zoo-
plankton abundance and species richness and
that this positive effect of added nutrients would
have been negated by the addition of Asian
clams and zebra mussels, as shown in other
mesocosm experiments (Dzialowski 2013, Sin-
clair and Arnott 2015). Yet, zebra mussels and
Asian clams did not reduce phytoplankton, and
we did not find any reductions of zooplankton.
Our results differ from other studies that have
suggested that Asian clams and zebra mussels
reduce phytoplankton in experimental and natu-
ral freshwater systems (Dzialowski and Jessie
2009, Pigneur et al. 2014). Long-term research
suggests that these effects might be highly vari-
able, and not always negative (Strayer et al.
2019).
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Our experimental manipulation was relatively
short (87 d), but longer than other studies that
observed effects of invasive bivalves on phyto-
plankton and zooplankton (e.g., Dzialowski and
Jessie 2009, 25 d; Sinclair and Arnott 2015, 85 d).
Zebra mussels and Asian clams might not reduce
phytoplankton to the point where food resources
are limiting for native filter feeders over long
periods of time, which is supported by some evi-
dence suggesting that the negative effects of
zebra mussels on native species might be tempo-
rary (Strayer and Malcom 2007, Strayer et al.
2019). If the impacts of the invasive filter feeders
used in our experiment were temporary and did
not reduce resources to levels or for a length of
time where competition led to the exclusion of
native species, this would explain the lack of
effects observed on the native zooplankton com-
munity. Invasive bivalves can dramatically alter
natural freshwater ecosystems and community
structure immediately after invading a system
(e.g., benthic structure and water clarity; Strayer
et al. 1999). The results of our experiment and
other observational and experimental studies
suggest that the effects of invasive mollusks on
freshwater systems might be variable and con-
text-dependent. The venue of research can affect
the results and interpretation of results (Dzia-
lowski et al. 2014); therefore, we remain cautious
in our interpretation and extrapolation of these
results to natural systems, mainly focusing on
results founded on ecological principles.

Our results highlight the importance of using
experiments to test the effects of invasive species
reported by observational studies. Observational
studies alone can imply that invasive species
strongly affect native species and environmental
conditions. We found that combined invasive
mollusks did not have a stronger negative effect
on abiotic and biotic aspects of the environment
compared to a single invasive mollusk. More-
over, these results were consistent under high-
and low-nutrient conditions. We expected that
higher densities of invasive species would have
stronger ecological effects on the mesocosms,
regardless of species identity. More individuals
in a mesocosm (e.g., 75 vs. 25) should consume
more algae, and regardless of species identity
would have negatively affected algal biomass or
zooplankton biomass. We did not observe differ-
ences in algal biomass when 25, 50, or 75
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individuals were present in the mesocosms, even
when both bivalve species were present. Unfor-
tunately, the additive experimental design used
in this study does not allow us to test the mecha-
nisms of species interactions. Nonetheless, it is
unclear whether modifying the density of inva-
sive species in this experiment would have iden-
tified mechanisms related to species interactions
(i.e., competition or facilitation), given that den-
sity within a mesocosm has no biological rele-
vance for density in lakes (Snaydon 1991).

As humans continue to alter aquatic ecosys-
tems and transport non-indigenous species
around the globe, novel interactions between
invasive species will likely occur. Of the hypothe-
ses proposed by Jeschke et al. (2012) to explain
different ways that invasive species successfully
invade a system, the invasional meltdown
hypothesis (IMH) has the strongest empirical
support (Simberloff and Von Holle 1999). The
IMH predicts that invasive species within a habi-
tat benefit one another through facilitative inter-
actions; increasing the growth, reproduction, and
distribution within the habitat. Additionally,
invasive species increase the probability that
additional non-native species successfully colo-
nize the same habitat (Simberloff and Von Holle
1999). Despite some experimental and observa-
tional support for the IMH in some terrestrial
systems (Aplet et al. 1991, O'Dowd et al. 2003,
Relva et al. 2010), researchers continue to debate
whether the IMH is supported by experimental
and observational evidence in freshwater sys-
tems (DeVanna et al. 2011, Gallardo and
Aldridge 2015, Jackson 2015, Meza-Lopez and
Siemann 2015, Henriksson et al. 2016). Although
some invasive species do facilitate one another
(Gallardo and Aldridge 2015), human-induced
changes to the environment might have a signifi-
cant effect on the propensity and success of inva-
sive species and determine the potential for
facilitative interactions between invasive species.
Future research efforts should focus on under-
standing if anthropogenic modifications to the
environment are responsible for facilitative inter-
actions among invasive species within the IMH
framework.

Without considering how humans have altered
environmental conditions, researchers might not
be able to distinguish between the impacts of
invasive species, and the trend that invasive
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species tend to prefer highly degraded habitats
(Didham et al. 2005, MacDougall and Turkington
2005). Zebra mussels generally need to attach to
hardened substrates, and Asian clams tend to do
better in areas that have plant-free, soft sub-
strates. Dredged habitats, docks, and piers are
primary examples of habitats that are highly
modified in aquatic ecosystems where these
invasive species would do well. Human modifi-
cation of shoreline environments and the supple-
mentation of limiting nutrients to freshwater
ecosystems could be increasing the invasibility of
freshwater systems and enhancing the effects of
invasive species.

Given the context-dependent results in this
experiment, we agree with Jackson (2015) that
future research efforts should focus on under-
standing how complex native food webs are
affected by the interactions between invasive
species. Additionally, researchers should focus
on how other human activities have modified
freshwater ecosystems in ways that might inhibit
or facilitate the success of invasive species and
their effects of ecosystem functions and services.
Also, our study did not focus on how varying
densities of invasive species affect the environ-
mental conditions. Altering densities of invasive
species in experimental systems with variable
anthropogenic effects (i.e., climate change, tox-
ins, nutrients, road salt) could offer information
about the potential effects that invasive species
will have as humans continue to modify freshwa-
ter ecosystems around the world.
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